enhance a2-6 specificity, the additional stabilizing influence of the E190D mutation toward the GlcNAc may not be possible because of the neighboring Lys 193 , which could inhibit interaction of Asp 190 with the glycan either by steric hindrance or by direct interaction with Asp 190 . Experiments are in progress to test this notion. 51. The Q226L mutation eliminated binding to the microarray, except for two negatively charged a2-3 glycans [with either an extra sialic acid on the 6-position of a GalNAc (no. 20) or 6-sulfation on GlcNAc with a branched fucose (no. 25) ]. The G228S mutation did not have any significant effect compared with Viet04, except that sialosides with sulfation on the 6-position of the galactose, with or without branched fucosylation on the GlcNAc (nos. 12, 37) were tolerated. Stronger binding was observed for fucosylated glycans (nos. 26 to 29), and reduced binding was observed for sialosides with b1-3 linkages between the galactose and GlcNAc/GalNAc (nos. 21 to 23) (Fig. 5H) . In addition to 6 ¶-sialyllactose (no. 49), as seen for Viet04, binding was observed for a2-6 biantennary structures (nos. 56 and 57). The double mutant (Q226L,G228S) showed reduced binding to a2-3 sialosides. Only sulfated and long-chain glycans were tolerated (nos. 16, 20, 24, 25, 35) , but binding to a2-6 biantennary structures (nos. 56 and 57), as with the G228S mutation, was also maintained. 52. R. Harvey, A. C. Martin, M. Zambon, W. S. Barclay, J. Virol. 59. Attenuated viruses with a S227N mutation led to higher hemagglutinin inhibition titers in ferrets (60). Thus, enhanced binding to a2-3 ligands, especially to 6-sulfated GalNAc, could lead to an increased uptake into antigenpresenting cells and subsequent antibody production.
60. E. Hoffmann, A. S. Lipatov, R. We present a technique for simultaneous focusing and energy selection of high-current, mega-electron volt proton beams with the use of radial, transient electric fields (10 7 to 10 10 volts per meter) triggered on the inner walls of a hollow microcylinder by an intense subpicosecond laser pulse. Because of the transient nature of the focusing fields, the proposed method allows selection of a desired range out of the spectrum of the polyenergetic proton beam. This technique addresses current drawbacks of laser-accelerated proton beams, such as their broad spectrum and divergence at the source.
T he recent development of ultra-intense laser pulses (1) has opened up opportunities for applications in many areas, including particle acceleration (2-5), inertial fusion energy (6), generation of intense x-ray pulses (7), laser-driven nuclear physics (8) , and laboratory astrophysics (9) . In particular, the acceleration of mega-electron volt ions from the interaction of high-intensity laser-pulses with thin solids has major applicative prospects because of the high beam quality of these ion bursts (10, 11) . Such proton beams are already applied to produce high-energy density matter (12) or to radiograph transient processes (13) , and they offer promising prospects for tumor therapy (14) , isotope generation for positron emission tomography (15) , fast ignition of fusion cores (16) , and brightness increase of conventional accelerators. However, because these proton beams are polyenergetic and divergent at the source, reduction and control of their divergence and energy spread are essential requirements for most of these applications. Focusing of energetic proton beams is usually achieved with electrostatic or magnetic lenses (17) , which have several drawbacks, including slow switching times, large sizes, asymmetry in the transverse plane for the focused beam, aberrations, inability to focus large currents, and large heat dissipation. It has been proposed that particle selection and beam collimation of laser-produced protons applicable for tumor therapy could be achieved by means of superconducting magnet systems (18) . Relativistic laser-plasma devices appear in principle more suitable for achieving the required angular and spectral control of laseraccelerated ion beams because they can withstand large ion beam currents, can be switched over picosecond time scales, and can support large deflecting fields on microscales.
Advances in ion beam tailoring have been achieved so far mainly with the use of target engineering techniques. Geometrical focusing of laser-driven protons has been attained with the use of curved targets (12) . Demonstration of this technique has been limited so far to focal distances of a few millimeters and to the lowenergy component of the proton spectrum. Very recently, quasi-monochromatic acceleration from laser irradiated microstructured targets has been reported (19, 20) . In these approaches, the focusing or energy-selection effect is achieved by directly acting on the source. As a consequence, these techniques rely on relatively complex target fabrication or preparation procedures.
We describe here an alternative approach, which provides tunable, simultaneous focusing and energy selection of mega-electron volt proton beams. Furthermore, our approach decouples the beam tailoring stage from the acceleration stage, allowing for their independent optimization. This leads to a system with higher flexibility than the methods above, considerably relaxing the target fabrication constraints. The method uses a compact laserdriven microlens arrangement (Fig. 1A) . The underlying physical process begins with relativistic electrons injected through the cylinder_s wall produced by the laser operating in chirped pulse amplification (CPA) mode, which spread evenly on the cylinder_s inner walls and initiate hot plasma expansion (Fig. 1, B and C). The transient electric fields associated with the expansion are used in a radial geometry to focus protons accelerated by a separate CPA laser pulse from a thin planar foil. The microlens operation was demonstrated in experiments carried out at the Laboratoire pour l_Utilisation des Lasers Intenses (LULI), which used the 100-TW laser (21) operating at a wavelength of 1 mm. After amplification, the laser pulse was split into two separate pulses (CPA 1 and CPA 2 ), which were recompressed in separate grating compressors to a 350-fs duration. The delay between the two pulses was controlled optically with picosecond precision. The CPA 1 pulse (irradiance I 0 5 Â 10 19 W/cm 2 ) was used to accelerate a high-current, diverging beam of up to 15-MeV protons from a 25-mm-thick Al foil target Ethe protons are produced from hydrocarbon impurities (22) on the target rear surface (23, 24)^. The CPA 2 pulse (I 0 3 Â 10 18 W/cm 2 ) was focused onto the outer wall of a hollow cylinder. The proton beam from the first foil was directed through the cylinder and detected with a stack of radiochromic films (RCF), a dosimetric detector (25) , positioned at a variable distance (from 2 to 70 cm) from the proton source. The RCF stack was used to measure the proton beam divergence. It also provided a coarse energy resolution due to the energy deposition properties of the ions (3) (most of the energy of a proton is released in the so-called Bragg peak, located at a distance in the detector which depends on the incident proton energy). It was shielded with an 11-mm Al foil allowing protons with energies greater than 1.5 MeV to be recorded. In some cases, a central millimetersized hole was bored through the RCF to allow downstream high spectral resolution measurements with the use of a magnetic spectrometer with a 0.6-T permanent magnet. The spectral resolution determined by the slit width and the dispersion of the spectrometer is 0.2 MeV at 6 MeV and 0.7 MeV at 15 MeV. The distance between the proton production foil and cylinder and the distance between the cylinder and detector were varied throughout the experiment. At a source-cylinder distance of 1 mm, the proton flux increase due to focusing by the microlens was so strong that saturation of the film occurred. Quantitative data could only be obtained when the cylinder was moved to 4 mm from the proton foil, in order to collect a smaller part of the diverging proton beam.
An RCF pack placed 9.5 cm away from the proton target recorded the proton beam after its propagation through a laser-irradiated dural cylinder 3 mm in length, 700 mm in diameter, and 50 mm in wall thickness. The fifth and sixth in the stack, corresponding to protons of 9 and 7.5 MeV, respectively, are shown in Fig. 2A . The entrance plane of the cylinder was placed 4 mm from the proton-producing foil. The distance from the proton-producing foil to the CPA 2 irradiation point on the cylinder was 5 mm. As expected, no focusing effect is observed for the 9 MeV protons. Indeed, the electric field is triggered by the CPA 2 laser pulse È20 ps after these protons exit the cylinder. For the 7.5-MeV protons, the electric field develops while these protons are close to exit the cylinder, and a small spot about 600 mm Efull width at half focusing effect due to a 3-mm-long, 700-mmdiameter dural (95% Al, 4% Cu, and 1% Mg) laser-irradiated cylinder with 50-mm wall thickness. For the energies reaching the Bragg peak in the two layers shown, the protons with an energy of 9 MeV pass through the cylinder before the electric field is present, showing no focusing, whereas the divergence of the protons with an energy of 7.5 MeV is strongly reduced by the electric field that has developed inside the cylinder. The shadow of the cylinder and of the 50-mm tungsten holding wire can be seen clearly. The cylinder was positioned far from the proton source intentionally to reduce the number of protons entering the cylinder and avoid RCF saturation. The distance between the entrance plane of the cylinder and the proton production foil was 4 mm. (B) Flux increase with respect to the unfocused flux for 7.5-MeV protons as deduced from the layer shown in (A).
www.sciencemag.org SCIENCE VOL 312 21 APRIL 2006 maximum (FWHM)^in diameter is seen on the RCF at the center of the cylinder_s shadow (spots as small as 200 mm have been observed, depending on the detector position). In this case, the proton flux within the spot at the film plane is increased as many as 12 times compared with the unfocused part not captured by the cylinder (Fig. 2B) . Based on the known properties of the proton source and on the decay time of the focusing fields Einferred to be È 10 ps from particle-in-cell (PIC) simulations and experimental results (26)^, a focused current of about 5 A can be estimated for the conditions of Fig. 3 . We also studied the evolution of the beam size, as a function of the propagation distance from the cylinder. This was done under the same conditions of Fig. 2 . The behavior of the 7.5-MeV proton component is shown in Fig. 3 . For this energy, the beam size is only 8 mm after 70 cm of propagation, whereas when freely propagating, the size of the beam would have been È260 mm. An energy spectrum was obtained, in the same experimental configuration, with the use of the magnetic spectrometer, having an entrance slit of 250 mm positioned 70 cm away from the proton source (Fig. 4) . As a reference, we also show a typical exponential spectrum collected in the same conditions but without the microlens. The data clearly shows the energy-selection capability of the microlens: Because of selective collimation of the 6.25-MeV protons, these could be transmitted efficiently through the spectrometer slit (acting as an angular filter), and their density after the slit in the spectrally dispersed plane is enhanced as compared with the freespace expansion case. For this shot, the 6.25-MeV protons experience the focusing fields for È5 ps before exiting the cylinder. We obtained an energy spread of 0.2 MeV-limited by the spectrometer energy resolution-for the peak located at 6.25 MeV. The numerical simulations performed in the same conditions as in the experiment suggest that the spectral width of the peak is about 0.1 MeV and hence narrower than demonstrated by the experimental spectrum shown (Fig. 4) . By varying the optical delay between the laser beams, the location of this peak on the energy axis can be tuned selectively (as demonstrated experimentally), thereby allowing us to tailor the energy distribution of the transmitted beam, a necessary step for many applications. Notably, with this approach, focusing and energy selection are provided simultaneously.
We performed one-dimensional (1D) and 2D PIC simulations of field generation at the microlens_s walls and 3D test-particle simulations of proton propagation through the microlens. The simulations were performed in three steps with the use of the CALDER code (27) . First, we verified with 2D simulations that the laser pulse triggering the microlens by irradiating the cylinder_s outer wall generated a population of hot electrons that spread evenly on the cylinder_s walls. We then used a 1D code to simulate the plasma expansion within the cylinder (i.e., we simulated the expansion of two slabs of plasma separated by the cylinder_s diameter of 700 mm). The expansion is driven by a hotelectron population that has a Boltzmann distribution with a temperature of 400 keV, as given by the ponderomotive potential at the irradiance of CPA 2 (28) . The initial electron density at the cylinder_s wall was estimated by considering that a 40% fraction of the laser energy Einferred from experimental measurements (29)^is converted into hot electrons and that these are then spread evenly on the cylinder_s walls. This results in a hot-electron density of È6 Â 10 16 cm j3 . We assumed that when the plasma expansion starts, the field obtained in the PIC simulation is the same along the whole cylinder. Finally, we simulated the propagation of a proton beam in the cylinder through the spaceand time-dependent fields obtained from the PIC simulation. The proton source used in the simulations has a divergence and energy spectrum as measured in the experiment.
The successful comparison between the simulations and the data (Figs. 3 and 4) supports the scenario in which laser-triggered transient fields drive the selective deflection of the protons. The transient field (30) is associated with a hotelectron sheath that extends over a Debye length ahead of the plasma, expanding toward the cylinder_s axis (26, 31) . The different energy components present in the proton beam spectrum transit through the cylinder at different times depending on their different velocities, with higher energy protons crossing the cylinder at earlier times. Protons passing through the microlens before it is triggered (as in Fig. 2A for the 9-MeV layer) do not experience any fields and are therefore not deflected. Protons which are crossing the cylinder and are close to its end when it is triggered and that therefore experience the fields for only a short time will exit the cylinder with a very low divergence (as in Fig. 2A for the 7.5-MeV layer). Lower energy protons will experience a larger cumulated field along their propagation through the cylinder. The particletracing simulations suggest that they are therefore focused at a short distance from the exit plane of the microlens and diverge strongly after focus. This is consistent with the diluted beam observed on the RCF stack positioned a few centimeters away and with the strong dip observed in the spectrum of Fig. 4 below 6 MeV. Finally, protons that have very low energy (i.e., below 4 MeV in the case of Fig.  4 ) pass through the microlens after the fields have vanished and do not experience any deflection. Additional simulations were performed to test the scalability of the microlens to higher proton energies, as needed for applications such as proton therapy. We computed that, using the same cylinder as in our experiment and a slightly more intense CPA 2 triggering laser pulse (10 19 W/cm 2 ), one could reduce the divergence of 270-MeV protons. Protons of such high energy transit through the microlens in a short time (13 ps); therefore, even higher laser intensities, on the order of 10 20 W/cm 2 , would be required to focus them. The focusing device described in this paper has potential use in all applications of energetic protons in which reduced divergence, large flux, or narrow energy range are required. These include most of the proposed applications in scientific, medical, and technological areas. For Fig. 3 . Evolution of the FWHM of the proton beam along its propagation, for protons with energy of 7.5 MeV (the propagation distance is calculated from the proton source). The black circles correspond to the case without the microlens (free-space divergence), the blue diamonds to the particle-tracer simulation in the fields given by the PIC simulation, and the red squares to the experimental results with the use of the microlens. The RCF shown on the right of Fig. 2A corresponds to the red point at 9.5 cm. example, focusing ion beams provides a different perspective, which may lead to further developments in areas such as hadron therapy for cancer treatment, accelerator physics, and inertial fusion physics. In addition to applications that use laser-driven ion beams, such a device might find application in conventional accelerator beams as a focusing or fast-switching tool.
Bolometric Infrared Photoresponse of Suspended Single-Walled Carbon Nanotube Films
Mikhail E. Itkis, Ferenc Borondics,* Aiping Yu, Robert C. Haddon † The photoresponse in the electrical conductivity of a single-walled carbon nanotube (SWNT) film is dramatically enhanced when the nanotube film is suspended in vacuum. We show here that the change in conductivity is bolometric (caused by heating of the SWNT network). Electron-phonon interactions lead to ultrafast relaxation of the photoexcited carriers, and the energy of the incident infrared (IR) radiation is efficiently transferred to the crystal lattice. It is not the presence of photoexcited holes and electrons, but a rise in temperature, that results in a change in resistance; thus, photoconductivity experiments cannot be used to support the band picture over the exciton model of excited states in carbon nanotubes. The photoresponse of suspended SWNT films is sufficiently high that they may function as the sensitive element of an IR bolometric detector.
T he optical properties of SWNTs, including photoconductivity, suggest outstanding potential for applications in nanoscale-sized optoelectronics (1-4). Prominent absorption features in the optical spectra of SWNTs have been widely ascribed to interband transitions associated with the series of van Hove singularities in the one-dimensional (1D) electronic density of states (5-7). However, more-recent studies suggest that the electronhole pairs are strongly coupled in the SWNT 1D crystal lattice and that major photoexcitations are excitons, rather than free carriers (8) (9) (10) (11) . Experiments on the relaxation of photoexcitations in SWNTs (11) and two-photon excitation spectroscopy (12) support the exciton model and provide a large value for the exciton binding energy (0.4 eV) (12) .
In the interband transition (band) model, free electrons and holes are produced upon photoexcitation, and, providing the lifetime of these carriers is sufficiently long, the spectral features in absorption and photoconductivity match the optical transitions associated with the van Hove singularities (Fig. 1A) . In the exciton model, the photoexcitations occur at energies lower than the direct bandgap and give rise to neutral species that cannot directly contribute to the photoconductivity (Fig. 1A) . In this situation, the excitons would have to be dissociated thermally (13) or by a large electric field (12) to produce free electrons and holes that could contribute to the photoconductivity. Exciton-related low-energy spectral features in the photoresponse would be substantially suppressed, especially at low temperatures, compared with the features corresponding to the interband transitions, and differences should arise in the absorption and photoconductivity spectra.
There are a number of reports on the photoconductivity of SWNT films deposited on optical substrates (13) (14) (15) . In all cases, a very weak photoresponse with low signal-to-noise (S/N) ratio was observed despite the use of high laser powers. Nevertheless, the photoconductivity showed spectral features that coincided with the optical absorption spectrum in support of the original band model, with free carriers as the major photoexcitations (13) (14) (15) . Recent photoconductivity experiments on individual SWNTs (laser power intensity of 1 kW/cm 2 ) in a field-effect-transistor configuration gave a weak sideband in addition to the primary resonance, and the result was interpreted in a favor of the exciton model (16) .
We report here on the photoconductivity of suspended SWNT films, and we are able rationalize contradictory reports to date, as well as shed light on the nature of the optical excitations in SWNTs and the origin of the photoresponse. The extremely large photoresponse that is observed for suspended SWNT films also makes them attractive candidates for the sensitive element of an infrared (IR) bolometer.
Photoconductivity experiments were carried out with semitransparent SWNT films prepared by two different techniques. A network of asprepared (AP) SWNTs can form in the electric arc discharge process. The network growth was initiated by the placement of stainless steel wire grids of cell size 2.54 Â 2.54 cm near the plasma zone inside the electric arc chamber. The growing SWNTs drift from the plasma core toward the water-cooled walls of the arc reactor, and the wire grid nucleates the growth of an extended SWNT network that forms a continuous semitransparent SWNT film after 1 to 5 min of operation of the electric arc ( fig. S1 ). This process leads to a high-purity film, because the SWNTs are trapped in the growing network with high probability; but typical impurities, such as nanoparticles and amorphous carbon, penetrate the thin network without becoming entangled. We
